After mixing: SI c of the reacted solution at time zero ‡, treatments following precipitation, and other comments ref. The solid was filtered and dried in a vacuum. ACC and ABCC phases were formed at pH 11.0-13.5 and 13.5-14.0, respectively. Effects of pH on temperature of crystallization were reported.
[2]
Koga et al. (1998) : equivolume mixture of 0.1 M CaCl 2 and 0.1 M Na 2 CO 3 + 0-2 M NaOH (pH 11.2-13.5) at 5 °C SI c = 3.80-2.87 (for pH = 11.2-13.5) The precipitate was filtered, washed with acetone, and then dried in a vacuum for one day. ABCC is formed at pH > 13. At pH 11-13, there is a linear trend toward an increasingly exothermic crystallization reaction and temperature of crystallization with increasing pH.
2 [3] equivolume mixture of 9 mM CaCl 2 and 9 mM Na 2 CO 3 + 0.5 mM NaOH (pH 10.2) at 25 °C SI c = 2. 6 The precipitated colloidal phases were measured in situ with time-resolved small-angle X-ray scattering. Amorphous precipitates occur in well-defined spheres with a remarkable uniformity in size.
3 [4] equivolume mixture of 0.02 M CaCl 2 and 0.02 M Na 2 CO 3 + 0.2 M NaOH (pH* 13.14) at 25 °C SI c = 2.79
The precipitate was vacuum filtered and rinsed with acetone to dry. This method is modified from Koga et al. 2 Structural modeling of ACC by Goodwin et al. 4 was completed on X-ray PDF data from this synthesis method.
6
[5] equivolume mixture of 0.02 M CaCl 2 and 0.02 M Na 2 CO 3 + 0.2 M NaOH (pH* 14.08-13.92) at ~0-4 °C SI c = 2.50 (for pH* = 14.08 at 0 °C), 2.59 (for pH* = 13.92 at 4 °C) The precipitate was vacuum filtered, washed with acetone and vacuum dried overnight. Same method as described by Michel et al. 6 but reacted at lower temperatures (~0-4 °C). The precipitate was vacuum filtered, rinsed with acetone, and dried further under soft vacuum in the presence of desiccant for 10-20 min. This method is adopted from Koga et al. 2 and Michel et al. 6 .
10 [7] equivolume mixture of 0.013 M CaCl 2 and 0.013 M Na 2 CO 3 + 0-0.16 M NaOH at 25 °C (pH = 11.2 for no SI c = 2.81-2.54 (for pH = 11.2-13) The precipitate was vacuum-filtered (completed within 30 s of mixing), the solid was rinsed with isopropanol to remove remaining water and then quickly Synthesis method: Rate of mixing is the key. It is reasonable to expect that the solution conditions, practical levels of supersaturation, temperature, and pH, have a marked effect on the ion speciation and formation of pre-nucleation clusters (if present), and greatly influence the chemistry and formation kinetics of amorphous material obtained. Interaction with additives and reaction quenching/drying treatments might both stabilize certain prestructured forms and the corresponding variations in stability, crystallization kinetics, and other physical properties such as solubility. While attempting to reproduce previous work and upscale quantities synthesized, we noticed that the rate of mixing appeared to have a significant effect on the appearance of a crystalline fraction in the end product. Larger batches took longer to mix and the liquid remained more inhomogeneous for a longer time than when mixing smaller volumes. Building on insight from the titration method (Table S1 ) and the resulting Ca 2+ dosing curve presented, 19 the drop in free Ca 2+ concentration at the point of nucleation decreases with increasing pH of the carbonate solution. This suggests that the nucleation energy barrier gets smaller and nucleation events occur at faster rates as the system's pH increases. We hypothesized that if the formation of A(B)CC is a process largely dominated by kinetics rather than thermodynamics, the rate of mixing might indeed have an effect on the material structure and on its stability. Consequently, at high pH conditions (necessary for gram quantities), a method providing an extremely rapid rate of mixing of reactant materials potentially could result in the formation of kinetically--trapped reactant products. This is not necessarily something easily achieved in a research chemistry laboratory where the rate of mixing of two solutions is essentially dictated by gravity, liquid viscosity, and operator skills -the latter being more difficult to control reproducibly.
In our fast centrifugal mixing method, the sudden rupture of the polyethylene film mixes the top solution into the bottom one at speeds of the order of tens of m/s, much faster than can be achieved by a human operator. A rough estimate of the speed of mixing can be given. If R is the radial position of the solution in the polyethylene sheet, d is the average separation of the two solutions, and Ω is the angular speed of the centrifuge, it will take a time t = arccos(R/(r+d))/Ω for the polyethylene sheet solution to reach the solution at the bottom of the centrifuge bottle at a velocity v = [(R+d) 2 -R 2 ] 1/2 /t (we neglect friction). If R= 10 cm, d= 5 cm, and Ω = 3500 rpm, then t = 2.3 ms and v = 49 m/s. Such rapid mixing cannot be achieved by a human operator mixing solutions in traditional laboratory glassware. The amount of time necessary for the steel ball to rupture the film can be altered by adjusting the film material and thickness and ball shape and mass to determine at which angular velocity of the centrifuge the film will rupture. A few tests with different films and steel balls of different sizes enabled a fast convergence on a protocol that worked well for our particular model of centrifuge and rotor. We noted here that this method for rapid mixing is quite general and could be applied to the preparation of other amorphous salts or kinetically trapped materials obtained by rapid reaction.
In the experimental setup, centrifugation was continued for 3-5 minutes, the supernatant liquid was poured out and the white-to-transparent material was rinsed with a few mL of ethanol (200 proof) at room temperature. The suspension in ethanol was filtered on a Buechner funnel (sealed-in fritted glass, 10-15 µm pore size) and then was dried at room temperature in a rough vacuum (~0.1 bar) for 1-2 h. The yield per batch was ~0.5 g. This method always resulted in an amorphous material, while conversion to calcite was reached within 3 days with samples simply stored at ambient conditions. Naturally, it is straightforward to vary a number of parameters such as temperature, pH, the starting concentration of the reacting solutions, and mixing rate. A deuterated product was prepared in the same manner with additional precautions, including: (i) a N2 filled glovebox was employed for solution preparation and sample handling; (ii) CaCl 2 , D 2 O, NaOD, and ethanol-D were used to replace chemicals containing H; (iii) centrifuge and filtration were completed outside of the glovebox (due to equipment size) but with effort to minimize time and exposure for isotopic exchange with atmospheric H 2 O; and (iv) after filtration, sample was quickly transferred into the glovebox vacuum chamber for drying and storage. In all cases purely amorphous structure was present 30 minutes after preparation as confirmed by laboratory powder X-ray diffraction (XRD). It is noted here that the H/D isotopic exchange between D 2 O and atmospheric H 2 O in the deuterated sample is fairly rapid. Exchange is completed within 10 min (checked with infrared spectroscopy) after transferring a small amount of sample out of the glove box. Consequently, the ambient environment conditions for XRD and TGA mean that the deuterated sample as measured for these analysis techniques is chemically protiated.
Powder X-ray diffraction and thermogravimetric analyses. XRD patterns of fresh samples were measured within 30 min after drying. Sample powders were lightly pressed onto a zero-background quartz plate and were characterized using a PANalytical Empyrean X-ray diffractometer (Cu Kα radiation) with patterns recorded from 5º to 90º 2θ and counting for 0.185 sec at each 0.026º 2θ step, i.e., 10 min measurements. The d-A(B)CC sample (with H/D exchange) was rescanned after 24 and 48 hours and in all cases no crystalline peaks were observed. The composition of samples was determined by TGA using a TA5000IR instrument with a 10 °C/min heating rate to 800 °C (held isothermal for 2 min at the beginning), under a 25 mL/min argon gas flow.
Synchrotron X-ray total scattering. Data were collected utilizing a monochromatic high-energy beam (58.7 keV, 0.2114 Å) at the 11-ID-B beamline at the Advanced Photon Source, Argonne National Laboratory. The p-A(B)CC sample (prepared with 1 hour of drying) was loaded in 1 mm polyimide capillary, sealed with epoxy, and packed/shipped in an insulated cooler ~48 hours prior to measurement. Scattering data were measured in transmission mode at room temperature using a Perkin Elmer amorphous silicon image plate detector 23 for total of 30 min. Data for an empty polyimide container was also collected. The program Fit2D 24 was used to calibrate the sample to detector distance and detector alignment with data from a CeO 2 powder standard. Raw scattering data was integrated into Q-space spectra, applying a mask and polarization correction during integration. The total scattering structure factor S(Q) ( Figure S1 ) were produced in PDFgetX2 25 by subtracting polyimide container scattering, utilizing the appropriate sample composition, and applying standard corrections for the area detector setup. Pair distribution function, PDF G(r), were calculated via Fourier transformation of the S(Q) data utilizing a Q max of 22.8 Å -1 . Reference data were also collected for water, monohydrocalcite (calcium carbonate monohydrate), aragonite and calcite.
Neutron total scattering. The d-A(B)CC sample was loaded/sealed in 5 mm quartz NMR tube inside the glove box and quickly transported to the beamline for neutron scattering measurements. The tube was loaded in the sample shifter carousel at the Nanoscale Ordered MAterials Diffractometer (NOMAD) instrument at the Spallation Neutron Source, Oak Ridge National Laboratory, as described by Neuefeind et al. 26 Scattering data were collected in 30 minute frames at room temperature in an
Argon atmosphere for a total of 1.5 hours at 60 Hz setting. The beamline's autoreduction software 26 was used to normalize collected data, subtract background and container scattering signals, and produce histograms appropriate for PDF analysis. Inelastic-incoherent effects resulting from hydrogen contamination comprised a small portion of the sample-dependent background. This was corrected prior to Fourier transformation using the method of non-linear least-squares fitting to a pseudo-Voigt function. An absolute normalization was applied, i.e., the measured total scattering structure factor S(Q) ( Figure S1 ) was scaled to the corresponding sample compositions estimated based on TGA. Despite ~10% of H/D isotope exchange, the sample was found to remain deuterated, amorphous, and stable over the measurement period. Reference data were also collected for heavy water, monohydrocalcite (also requiring hydrogen background correction), aragonite and calcite in quartz capillaries for one hour each. For H(D)-containing samples (p-A(B)CC, heavy water, and monohydrocalcite), a Q max of 25 Å -1 was used, and for aragonite and calcite, a Q max of 36 Å -1 was used.
In-situ thermal dehydration data were collected under continuous heating at a rate of 0.5 °C/min, and data were saved at 4 min increments, i.e., 2 °C temperature intervals. The total scattering data shown in a 2-D plot in Figure 2 (a) (main text) are displayed with 2 °C temperature steps in each segment from ambient temperature to 450 °C. Figure S2 displays both 3-D and 2-D views of the same data set. During thermal dehydration, the sample can is not sealed and is exposed to a rough pumping/low vapor pressure condition. observed at distances > 3 Å reflect specific local structure arrangements. For instance, in light water, the ~2.8, 4.6, and 6.7 Å peaks are due mainly to intermolecular O w ··O w distances (H atoms do not contribute to significant degrees owing to their small scattering power for Xrays). In heavy water, the ~3.6 and 7.2 Å peaks are largely from intermolecular D··D and D··O w distances, according to Soper 27 .
In crystalline phases of calcium carbonate, higher length scale peaks can be assigned based on available structural models. To simplify the analysis, atomic structures of coordination spheres around Ca 2+ will be discussed below for each phase. In the calcite structure, 28 Since neutrons are sensitive to both light and heavy elements whereas in the studied system, X-rays are mainly sensitive to pairs containing Ca and O, the differences between the neutron and X-ray PDFs arise from C··O, C··C, and H/D··x (x = H/D, Ca, C, O) correlations in the neutron data. For instance, a negative scattering cross section of H (and pairs containing H) in protiated monohydrocalcite (p-MHC) has resulted in negative signals in the r-region of ~3-5 Å when comparing to deuterated monohydrocalcite (d-MCH) neutron PDF simulated using Swainson's structure 32 and simply switching D for H. For the direct comparison of A(B)CC to those of reference compounds, it is clear that neutron data provided more information than X-ray results. Further data analysis coupled with theoretical modeling and in situ thermal dehydration experiments utilizing the methods reported here is underway to provide a detailed picture of the amorphous structure, the role of hydrous components in the local structural ordering, and the interactions occurring during the amorphous-crystalline phase transitions of carbonate precipitates.
